study question: Is it feasible to identify factors that significantly affect the clinical outcome of IVF-ICSI cycles and use them to reliably design a predictor of implantation?
Introduction
Embryo implantation represents a critical step in the reproductive process during which the blastocyst penetrates the endometrium to establish an interface between the growing fetus and the maternal circulation (Guzeloglu-Kayisli et al., 2009) . For a successful implantation to occur a viable embryo must establish a synchronized dialog with a receptive endometrium (Simon et al., 2000) .
Owing to the complexity of this process, several factors can determine implantation failure including chromosomal abnormalities, which are especially frequent in female gametes in a manner that is closely related to age (Gianaroli et al., 2005a; Kuliev et al., 2005; Munné et al., 2007; Gianaroli et al., 2010) , a poor uterine receptivity, sometimes due to asynchrony between the embryonic development and the endometrium (Norwitz et al., 2001; Margalioth et al., 2006; Swain and Smith, 2011) , and factors associated with ART interventions comprising the potential adverse effects of ovarian stimulation (Santos et al., 2010) and of in vitro culture systems (Jones et al., 2001; Horsthemke and Ludwig, 2005; Dumoulin et al., 2010) on embryo development.
Looking at clinical data where single implantation frequently results from the transfer of two or more embryos of comparable morphology, it is clear that a large proportion of failed implantations must be ascribed to the embryo. Despite numerous advances in culture systems and the introduction of more refined tools for the classification of the embryo's developmental capacity (Katz-Jaffe et al., 2006; Brison et al., 2007; Jones et al., 2008a, b; Wong et al., 2010; Meseguer et al., 2011) , the lack of a strong predictor of embryo viability imposes severe restrictions to the general implementation of elective singleembryo transfer. In comparative trials between elective single-and elective double-embryo transfers in selected patient groups, the resulting live birth rates are comparable only when the transfer of cryopreserved embryos in subsequent cycles is included (Pandian et al., 2009; Gelbaya et al., 2010) .
These considerations lead to the conclusion that the key requirement for achieving a single live birth within an IVF-ICSI cycle is the capacity to estimate the embryo's potential for further development in relation to maternal receptivity, which is a general term including factors associated with the patient characteristics and the treatment cycle. Morphological criteria have been, and still are, routinely used to select embryos for transfer or cryopreservation, and comprise the evaluation of pronucleate oocytes, the occurrence of early cleavage at 25-27 h post-insemination, scoring systems for day 2-3 embryos (including number of cells and synchrony of cleavage as well as the degree and pattern of fragmentation) and grading systems for morulas (progression of compaction) and blastocysts (including the timing of blastocyst formation and the degree of expansion as well as the characteristics of the inner cell mass and trophectoderm cell lineages) (Alpha Scientists in Reproductive Medicine and ESHRE Special Interest Group of Embryology, 2011).
These criteria brought the definition of top-quality embryos. They are currently the most predictive markers of embryo developmental competence and are widely used in most IVF laboratories (Kovacic et al., 2004; Volpes et al., 2004; Gianaroli et al., 2007; Magli et al., 2007; Racowsky et al., 2011) . Other studies have shown that the predictive capacity can be further improved by combining the scores obtained by the morphology of the same embryo at different stages (De Placido et al., 2002; Lan et al., 2003; Sjö blom et al., 2006; Loi et al., 2008; Brezinova et al., 2009) as well as by using the information coming from morphokinetic observations (Wong et al., 2010; Meseguer et al., 2011) . Nevertheless, reliable prediction of which embryos will implant remains an open problem, as prognostic models generally achieve only limited accuracy (Saith et al., 1998; Beuchat et al., 2008) .
Based on the assumption that for a successful implantation to occur a viable embryo must meet a receptive uterus, this study proposes a predictor of pregnancy that was designed by analyzing a series of cycles with known clinical outcomes. This was done to identify the factors that, being specifically related to embryo viability and maternal receptivity, were shown to affect the clinical outcome. The resulting predictor is able to discriminate with reasonable reliability not only between pregnancy and no pregnancy, but also between the occurrence of a single pregnancy or multiple pregnancy. This could represent an effective support to decide for each couple how many embryos and which embryos to transfer.
Materials and methods

Patients
A total of 388 cycles performed at the International Institute for Reproductive Medicine of Lugano, Switzerland, between 2006 and 2008 were included in the study. Patients were unselected for age, sperm parameters or other infertility criteria. The average maternal age was 36.3 + 4 years, and the average number of previous IVF-ICSI cycles was 2.2 + 1.7. Before being admitted to treatment, uterine anomalies were excluded by diagnostic hysteroscopy (Gianaroli et al., 2005b) .
Ovarian stimulation was achieved by long down-regulation ovarian simulation protocols (Ferraretti et al., 2004) . Oocytes were retrieved transvaginally via ultrasound guidance at 34 -36 h after HCG administration, and cultured in HTF (SAGE Cooper Surgical, Inc., Pasadena, CA) supplemented with 5% human serum albumin (HSA, SAGE) at 378C in a 5.3% CO 2 humidified gas atmosphere. Insemination was performed 5 h later with conventional IVF in 143 cycles (37%) or ICSI in 245 cycles (63%) depending on sperm indices and the couple's reproductive history.
At 16 h after insemination, oocytes were checked for the presence of pronuclei and polar bodies. Regularly fertilized oocytes were cultured individually and scored daily at 40, 64, 88 and 112 h after insemination. According to the National regulation on IVF, a maximum of three fertilized oocytes per cycle were left in culture. Embryo transfer was performed between Days 2 and 5 depending on the clinical workload: 77 cycles on Days 2, 141 on Days 3, 95 on Day 4 and 75 on Day 5.
A clinical pregnancy was defined as the presence of a gestational sac with fetal heartbeat at 7 -8 weeks. All pregnancies were followed-up to term. The implantation rate was calculated by the ratio between the number of gestational sacs with fetal heart beat and the number of transferred embryos.
The study was supported by a grant, CTI Medtech, Project Number: 9707.1 PFLS-L, Swiss Confederation.
Pronucleate oocytes and embryo grading
Pronucleate oocyte morphology was assessed by observing (i) the shape and position of pronuclei, (ii) the distribution and size of nucleoli within pronuclei and (iii) the position of polar bodies with respect to the longitudinal axis of pronuclei. According to previous studies, the configurations having juxtaposed and centrally located pronuclei with a symmetrical dis-tribution of large size nucleoli and polar bodies next to each other are considered as top quality having the highest chances of normal chromosome status, embryo development and implantation (Gianaroli et al., 2003; Gianaroli et al., 2007) .
Day 2 -3 embryos were assessed by recording the number and morphology of nuclei and blastomeres, the percentage of fragmentation in the perivitelline space and the presence of compaction (Alpha Scientists in Reproductive Medicine and ESHRE Special Interest Group of Embryology, 2011). Day 4 embryos were classified based on the number of cells and grade of compaction and day 5 embryos were assessed according to the grade of expansion associated with inner cell mass and trophectoderm morphology (Alpha Scientists in Reproductive Medicine and ESHRE Special Interest Group of Embryology, 2011).
The definition of top-quality embryos was as follows:
(i) Day 2: embryos with four regular cells and fragmentation ,10%;
(ii) Day 3: embryos with eight regular cells and fragmentation ,10%;
(iii) Day 4: embryos at the morula stage with fully compacted blastomeres; (iv) Day 5: embryos at the blastocyst stage with inner cell mass and trophectoderm.
Embryos graded as top quality throughout all stages were graded as top history. In addition, day 4 -5 embryos were graded as top history also if they had been graded as top quality in all stages but one, provided that the single non-top assessment did not occur on the day of transfer (see later for details).
Statistical analysis
Statistical classifiers are mathematical models, which predict the value of a categorical target variable (the class) on the basis of the values of other variables (the features). The class variable was categorized as pregnancy versus no pregnancy; the features included the following variables that normally represent the main characteristics of a treatment cycle: the woman's age, previous IVF-ICSI cycles, insemination technique, quality of sperm, number of transferred top-history embryos, number of transferred topquality embryos, number of follicles .14 mm and level of estradiol on the day of HCG administration. For each cycle, the classifier estimated the probability of pregnancy and no pregnancy. The most probable outcome was regarded as a prediction and the accuracy of the classifier, namely the proportion of successful predictions, was measured. Since in IVF-ICSI cycles, the occurrence of no pregnancy is two to four times more frequent than pregnancy, a trivial classifier, which always predicts no pregnancy, can achieve high accuracy without conveying any useful information. Therefore, the accuracy of the developed classifiers was checked against that of the trivial classifier. Given the shortcomings of accuracy, which is very sensitive on the class imbalance and allows the trivial classifier to obtain a good evaluation, the classifiers were also evaluated through the AUC, namely the area under the receiver operating characteristic curve. For example, in the case of two women, of whom only one is destined to become pregnant, the AUC corresponds to the probability that the model will assign a higher probability of pregnancy to that woman compared with the second. The performance of the model is graded as poor if the AUC lies between 0.5 and 0.7, fair if the AUC lies between 0.7 and 0.8, good if the AUC exceeds 0.8, while an AUC of 1 implies perfect discrimination (Leushuis et al., 2009) .
As final evaluation, the calibration of the predictions was checked, namely the correspondence between the computed and the observed proportion of pregnancies.
To assess the classifier, the indicators of performance were computed by cross-validation (Witten et al., 2011) . The original sample was split into k parts; the model was derived on (k 2 1) parts of the data (training data) and the predictions were evaluated on the remaining part (test data). The procedure was repeated several times until each part was used as the test set. The k parts were stratified, namely they contained a similar proportion of pregnancies and no pregnancies.
Decision trees
As a first step, data were analyzed through a decision tree that was expected to provide good accuracy, and to represent at the same time a model easy to be interpreted by IVF-ICSI professionals.
The decision tree tried to discover the patterns, which link the features with the occurrence of pregnancy or no pregnancy. The model expressed the discovered patterns between class and features as a set of understandable rules. Since feature selection was performed as pre-processing step (Witten et al., 2011) , not all the features that were initially postulated were included, with the least predictive ones being removed. Feature selection was aimed at making the model better performing and more interpretable.
A Bayesian network model for decision support
Bayesian networks (BNs) are probabilistic models suited for data analysis, representation of expert knowledge and probabilistic modelling (Koller and Friedman, 2009) . The BN of this study was developed with the aim of: (i) discriminating with more success than the decision tree not only between no pregnancy and pregnancy, but also between no pregnancy, single pregnancy, twin pregnancy or higher order pregnancy and (ii) serving as a support for the decision of which embryos to transfer, by assessing how the probabilities of having i (i ¼ 0, 1, 2, 3) gestational sacs varies with the number and the type of the transferred embryos.
The BN model assumed a viable embryo and a receptive uterus to be necessary for a successful implantation (Zhou and Weinberg, 1998; Simon et al., 2000; Roberts, 2007) . In detail, if the uterus is not receptive, there will be no pregnancy; if the uterus is receptive and there is one viable embryo, a single pregnancy will follow; if there are two viable embryos and a receptive uterus, a twin pregnancy will follow, and so on. Moreover, the BN model assumed that each embryo implants independently of any others.
As shown in Fig. 1 , the BN model was represented as a graph, where each node characterizes a variable. Contrary to the decision tree, whose discrimination threshold is learned from data, the BN model requires the variables to be discrete; therefore variables were divided into the categories shown in Table I . An arc connecting two nodes represents a relationship between the two variables; in Fig. 1 , the maternal receptivity (intended as the predisposition to pregnancy and including the uterine receptivity) depends on the age of the woman and on the number of her previous IVF-ICSI cycles; the viability of the embryo depends on its score (non-top, top-quality, top history) and on the insemination technique; the pregnancy depends on both the maternal receptivity and viability of each embryo. The structure of the model was selected, among possible alternative layouts, adopting the Bayesian Information Criterion.
The BN model required estimating probability distributions for each node, namely the marginal probabilities for all the nodes with no predecessors (e.g. previous cycles, age, score of the embryos) and the conditional probabilities for all other nodes, given all possible combinations of their direct predecessors. For instance, it was necessary to estimate with which probability the embryo would be viable given all the possible combinations of technique (IVF or ICSI) and score (no-transfer, non-top, topquality, top history); with which probability the woman would be receptive, given all the possible combinations of age (,34, 34 -40, .40 years) and previous IVF-ICSI cycles (≤2, .2). The age intervals were Embryo transfer decisions in IVF-ICSI cycles decided according to the indications derived from the retrospective analysis of more than 10 000 internal cycles in relation to maternal receptivity.
The main difficulty in making these estimations was that both maternal receptivity and embryo viability were only partially observed. In particular, the uterus viability was observed (as positive) only for the cases with pregnancy; for the cases with no pregnancy, it could not be ascertained whether the uterus was not receptive, the embryos were not viable, or both. Similarly, the viability of the embryos was observed (as positive) only for the cases when all the transferred embryos implanted. To address this problem, the Expectation-Maximization algorithm was used, which is suited to estimate the parameters of a model from a data set with partially observed variables (Zhou and Weinberg, 1998; Roberts, 2007; Roberts et al., 2010) .
Once all the conditional probabilities were estimated, the model was ready for predictions; also in this case cross-validation was implemented and the cases used for testing the model predictivity were different from those used for estimating the model parameters. While issuing the prediction for a new case, the BN model was provided with information about embryo grades, woman age, insemination technique and number of previous IVF cycles, while embryo viabilities and uterine receptivity were unknown to the model, as in real clinical practice. On the basis of the available information, the BN model inferred the probability of each embryo being viable and of the uterus being receptive, and consequently estimated the probability of single and multiple pregnancies.
The network of Fig. 1 is handled between one and three embryos to be transferred, as this is the limit imposed by the national regulation on IVF.
Taking decision with expected utility
Based on the variables that were found to be related to pregnancy from the analysis of the 388 cycles, this study provided some examples of the decision, which would have been suggested by applying the criterion of expected utility on top of the probabilities estimated by the BN model. The utility is a score, which represents the desirability of the different outcomes. In reproductive medicine, the most desirable clinical outcome is a singleton pregnancy; therefore, the corresponding utility should be set at the top level having a score of 1, while no pregnancy should be set at the bottom level with a score of 0. The occurrence of multiple pregnancy could be set at any intermediate value, including 0, or even at a negative value like in this study, according to the doctor's experience. As an illustrative example, let us assume the utility of no pregnancy, single pregnancy and multiple pregnancy to be, respectively, 0, 1 and 0.5. Let us also assume the probability of no pregnancy, single pregnancy and multiple pregnancy for a certain category of patient to be, respectively, 0.2, 0.5 and 0.3. The expected utility of embryo transfer is obtained by weighing the utility of the different outcomes by their probability (0 × 0.2 + 1 × 0.5 + 0.5 × 0.3 ¼ 0.65). However, the chances of pregnancy also vary in relation to the embryos selected for the transfer and on their number and morphology. The probabilities computed by the model can be exploited to select the set of embryos whose transfer maximizes the expected utility.
As a first step, it was required to associate a utility score with the possible outcomes of an IVF cycle: no pregnancy, single pregnancy, twin pregnancy or triple pregnancy. The score of no pregnancy (U 0 ) and single pregnancy (U 1 ) were set, respectively, as U 0 ¼ 0 and U 1 ¼ 1. The utilities U 2 and U 3 of twin and triple pregnancy, respectively, should reflect the wishes of the patient and/or the recommendation of the doctor. To demonstrate the applicability of the model, we hypothesized the following utilities in relation to the woman's body build that was defined by the body mass index (BMI) according to the WHO obesity classification (World Health Organization, 2000) : † Overweight (BMI .25 kg/m 2 ): U 2 ¼ 0.5, U 3 ¼ 21 † Normal (BMI 18.5 -25 kg/m 2 ):
These utility scores were provided as an example; they could be set at levels different from those set here, including leaving a single implantation as the only positive utility. Depending on the clinical experience, other parameters which have an effect on the utility related to the chances of The expected utility of transferring a certain cohort of embryos was O i ¼ 3P i U i where P i was the probability of having i gestational sacs computed by the BN model. In this way, the model could serve as a decision support, suggesting the transfer of the set of embryos resulting in the highest expected utility.
Results
Clinical outcomes
The overall clinical pregnancy rate was 19.8% (77/388), including both single (n ¼ 60) and twin pregnancies (n ¼ 17), while no triple pregnancies were generated. The pregnancy rate was higher for conventional IVF (26.7%) than for ICSI (16.3%, P , 0.01), and was negatively correlated with the number of previous cycles, being, respectively, 21 and 16.5% for women having experienced 0-2 or more than two cycles, although the difference in these pregnancy rates was not significant at a 95% level. A negative correlation was also found with age, going from 28% (25/90) for women aged ,34 years to 20% (48/ 241) for women between 34 and 40 years and 7% (4/57) for women older than 40 years.
The most discriminative variable for predicting a clinical pregnancy was the number of transferred top-history embryos. The pregnancy rate varied from 14% (47/332) to 53% (30/56; P , 0.01) depending on whether the cohort contained 0-1 or 2-3 top-history embryos. The 95% confidence intervals of the pregnancy rate for transfers with two to three top-history embryos was 41-65% with even the lower bound of this confidence interval being about twice the average pregnancy rate in the whole data set.
If embryos were categorized only on the basis of their last grade irrespective of their history, the top-quality label would be assigned to all the top-history embryos and to those, which were top in the last observation without being top history. In this case, the pregnancy rate calculated in the data set would be of, respectively, 11 or 42% for transfers with 0-1 or 2-3 top embryos. Therefore, the top-history score was more discriminative than the usual top-quality score.
No correlation was found between the number of top-history embryos and female age. The percentage of top-history embryos decreased with the day of culture, going from 35% on Day 2 to 10% on Day 5.
Predictions with the decision tree
For the decision tree, the following features were identified as fundamental to discriminate between pregnancy and no pregnancy: (i) the number of transferred top-history embryos, (ii) the female age and (iii) the fertilization technique (IVF or ICSI). The remaining features were discarded probably because of a certain degree of redundancy (e.g. number of transferred top-quality embryos versus number of top-history embryos; semen of proven fertility versus IVF/ICSI) or because of limited predictive power (estradiol, number of follicles .14).
As shown in Fig. 2 , the decision tree checked first the number of transferred top-history embryos; if this was 0 or 1, no-pregnancy was predicted. If the number of transferred top-history embryos was 2 or 3, pregnancy was predicted in the case of conventional IVF, while for ICSI pregnancy was predicted in women younger than 37 years. The number of top-history embryos was recognized as the most discriminative feature, being the first to be tested within the tree. Therefore, the tree predicted pregnancy for cycles characterized by two or three top-history embryos and conventional IVF, or by Figure 2 The decision tree with the features enclosed into rhomboidal nodes. The rectangular nodes indicate a point where the prediction is given, with the numbers representing the cases in which the prediction was correct and incorrect, respectively.
Embryo transfer decisions in IVF-ICSI cycles two or three top-history embryos, ICSI and woman age ,37 years. Overall, 43 cycles matched this criteria, and the pregnancy rate for these cycles was 60% (26/43), roughly three times the average. This confirmed the ability of the decision trees to identify the conditions favouring pregnancy as well as the importance of top-history embryos in determining implantation.
The decision tree achieved an accuracy of 81.5%, as measured by cross-validation. This was significantly higher than the 80.2% achieved by the trivial classifier (P , 0.05), but the difference was quite narrow in practical terms. The AUC of the decision tree was 0.65, for which the discrimination ability of the model was quite modest. The performance was even worse when the discrimination between no pregnancy, single pregnancy and twin pregnancy was attempted after re-deriving the model and computing the AUC three times, once for each class (no pregnancy, single pregnancy and twin pregnancy); the AUCs were, respectively, 0.58, 0.50 and 0.70, confirming the limited discrimination ability of the model.
Predictions with the BN
In the task of discriminating between pregnancy and no-pregnancy, the BN model had accuracy equivalent to the decision tree, but a definitively higher AUC (0.72 versus 0.65) suggesting that the BN model can estimate more reliably the probability of pregnancy versus no pregnancy. As shown in Table II , the probabilities estimated by the model were well calibrated. For instance, the model correctly estimated a very low probability of pregnancy (,5%) in a set of 47 cycles in which only 3 clinical pregnancies resulted (6% observed pregnancy rate).
The conditions under which the model estimated pregnancy to be more probable than no pregnancy were (i) for IVF, the presence of two or more top-history embryos and age ,34 years and (ii) for ICSI, the presence of 3 top-history embryos and age ,34 years. Such conditions were quite coherent with those identified by the decision tree, and further confirmed the importance of top-history embryos and the woman's age for the establishment of a pregnancy.
However, the BN model provided an important improvement over the decision tree in discriminating between no pregnancy, single pregnancy and twin pregnancy, as indicated by the AUC measured in cross-validation, and corresponding to 0.72, 0.64 and 0.83, respectively. A crosscheck of the observed and predicted rates of clinical pregnancy for the cohort is given in Table III .
Additional improvement of the model performance was attempted by introducing further explaining variables. More specifically, maternal receptivity was also made to depend on the occurrence of previous pregnancies, and embryo viability was also made to depend on the use of sperm of proven fertility. Such attempts, despite potentially yielding a more detailed representation of the IVF-ICSI cycles, failed to improve the model's predictivity suggesting that a more complex model is not necessarily a better predictor, especially if the data set contains partially observed variables.
The estimates of maternal receptivity and embryo viability are shown in Tables IV and V, respectively. These probabilities cannot be trivially estimated from data, since for cycles resulting in no pregnancy it is unknown whether the mother was not receptive or the embryos were not viable. Therefore, it was necessary to adopt the Expectation -Maximization algorithm to estimate such probabilities. Age appeared to have a bigger impact on maternal receptivity than the number of previous IVF cycles (Table IV) . Regarding embryo viability (Table V) , there was an estimated difference of 15 points between the viability of top-history and top-quality embryos, and between the viability of top and non-top embryos. Moreover, the estimated viability decreased 7 points after ICSI, compared with IVF. The estimates showed that embryo score had a bigger impact on viability than the insemination technique.
Using expected utility
The elaboration of the described estimates (age, previous cycles, embryo quality and insemination technique) permitted the set-up of a prognostic model to be used prospectively when deciding the number and type of embryos to be transferred. Figure 3 shows, as an example, the expected utilities for different transfer possibilities, based on the probabilities computed by the BN model for a woman with age ,34 years. Each row corresponds to a specific combination of her body build, insemination technique and number of previous cycles; once the appropriate row has been selected, the expected utility of transferring a different set of embryos can be read. A white background highlights the set of embryos with the highest expected utility. For example, if three top-history embryos (H) are available, the highest expected utility is attained in most situations by transferring only two of them because of the high risk of multiples. However in the case of overweight and ICSI, transferring all three embryos attains the maximum utility. Conversely, in the case of underweight women, the maximum utility is derived from the transfer of only one embryo (compare the columns 'HHH', 'HH' and 'H'). If three non-top embryos (n) are available, the highest utility is attained by transferring three embryos in all situations (compare the columns 'nnn', 'nn' and 'n'). Finally, if two topquality (t) and one non-top embryos are available, the highest utility is obtained by transferring the three of them, apart from the case of underweight women, where the maximum utility is associated with the transfer of two top-quality embryos (compare columns 'ttn' and 'tt').
Probabilities of pregnancy calculated before and after embryo culture
The BN model can be used to provide information on the chances of pregnancy for couples before they start the treatment. In this situation, the quality of the resulting embryos is obviously unknown.
For example, in the case of a couple where the woman is ,34 years old at her first stimulation and the male partner has normal semen indices, the BN model would estimate the probability of having 0, 1, 2 or 3 gestational sacs as, respectively, 69, 26, 5 and 0%, with a probability of pregnancy corresponding to 31% (26 + 5), compared with the 20% which is the average in the studied sample.
If the information about embryo quality would be added, it becomes evident how the prediction of the probability of pregnancy varies as additional information is collected, and the estimates would be different. Actually, if three top-history embryos would be transferred to the woman described above, the probability of having 0, 1, 2 or 3 gestational sacs would change to 37, 28, 27 and 8%; in the case of two top-history embryos being transferred the probabilities would be 46, 36, 17 and 0%.
Discussion
Since the hallmark of excellence in reproductive medicine is a consistently high pregnancy rate associated with a single implantation, the shift towards single-embryo transfer should be adopted at least in couples at risk of multiple gestations. This policy implies having a reliable method of embryo selection that should be accurate enough as to identify those cases which, based on both embryo and patient characteristics, would possibly be penalized by single-embryo transfer. In this respect, innovative approaches have been proposed to improve the embryo selection process, some of which are invasive (Geraedts et al., 2011; Schoolcraft et al., 2011) , others rely on extended culture systems (which are now questioned for the neonatal outcome of the babies born; Källén et al., 2010) , and others are dependent on sophisticated devices (Swain and Smith, 2011; Meseguer et al., 2012) . The common denominator for all these innovations is the need for validation, as their real efficacy is still largely unproven.
With these concepts in mind, the goal of this study was to design a system that, by combining embryo morphology and the clinical parameters that were found to be relevant in determining implantation, could predict the occurrence of a pregnancy and, more specifically, the chances of single, twin and multiple implantations. The proposed model can easily assist professionals in taking decisions at the time of embryo transfer by means of an objective statistical evaluation that only requires the input of specific data in a pre-set scheme. It is undisputable that, if the correct decision were taken, the chances of pregnancy would be maximized with a concomitant reduction in the incidence of multiple gestations, which is a priority in the field of reproductive medicine.
In consideration of the multifactorial typology of implantation where several variables play a role, designing a prediction model is a complex task. The approach that we adopted was based on the elaboration of previously generated data with known clinical outcomes in order to define the features relating patients' characteristics and embryo morphology, which were determinant in establishing a pregnancy. In this way a model was elaborated, based on cross-validation of data that could be operationally used in every setting to predict not only the event of pregnancy versus no pregnancy, but also the occurrence of single implantation versus twin or multiple gestational sacs.
As a first approach for the prediction of pregnancy, we used a decision tree by which, in agreement with other studies (Leushuis et al., 2009) , the accuracy was significantly higher than the trivial classifier Embryo transfer decisions in IVF-ICSI cycles (81.5 versus 80.2%, P , 0.05), but at such a narrow level that it was actually useless in practical terms. In addition, the model had poor performance in the more complicated task of discriminating between no pregnancy, pregnancy and multiple pregnancy. To formulate a model that could provide a solid support to IVF professionals, a BN model was proposed that made pregnancy to depend on the features selected as relevant by the training data, namely the age of the woman, the number of her previous IVF-ICSI cycles, the insemination technique and the score of the embryos. This model was also designed to assess how the probability of no pregnancy, single pregnancy and multiple pregnancy varies depending on the number and the type of the transferred embryos. The relevance of embryo quality in establishing a pregnancy was immediately recognized by both statistical models, the decision tree and the BN. More specifically, it was clear that the probability of pregnancy strongly depended on the number of top-history embryos. In agreement with previous studies (Lan et al., 2003) , it was recognized that embryos that were top quality throughout all observations were those with the highest chances of implantation, confirming that synchrony of development plays a crucial role in determining viability (Lundin et al., 2001; Lawler et al., 2007; Magli et al., 2007 ; Alpha Scientists in Reproductive Medicine and ESHRE Special Interest Group of Embryology, 2011). We set an exception to this rule for day 4 and day 5 embryos, for which the grade of top history was given even if they had been graded as top quality at all stages but one, provided that the single non-top assessment did not occur on the day of transfer. These observations suggest that later stages of embryo growth had higher sensitivity and specificity in the prediction of implantation (Rehman et al., 2007) , giving to the assessment of blastocyst morphology an extra value at the time of embryo selection. Interestingly enough, the same characteristics seem to be presented by day 4 embryos (Feil et al., 2008) confirming that overcoming the trauma related to the activation of the embryonic genome is a sign of very good prognosis.
As expected, the concomitant analysis of the other variables indicated the negative association of implantation with age and the number of previous cycles, while a normal sperm sample was positively associated with a favourable outcome (Table V) , suggesting that the capacity of activating the oocyte and guiding the first cleavage divisions are crucial events in determining the embryo fate (Heytens et al., 2009; Speyer et al., 2010) . For instance, in the last couple of years, many contributions have demonstrated the relevance of sperm indices in affecting implantation due to several defects which are more common in pathological samples (Magli et al., 2009; Speyer et al., 2010; Ajduk et al., 2011; Hammoud et al., 2011) .
Altogether these observations lead to the conclusion that, of the variables examined, age, number of previous cycles, insemination technique and embryo quality are the crucial factors affecting maternal receptivity and embryo viability. The derived estimates calculated by the BN model were reasonably coherent with those made by Roberts et al., who reported an average of 0.36 for receptivity and of 0.32 for viability (Roberts et al., 2009) .
As an additional advantage, the BN model proposed here was able to discriminate with reasonable reliability among no pregnancy, single pregnancy and twin pregnancy, although the number of twin pregnancies included in the data set was only 17. The corresponding estimates depended on the concept of utility that describes the most desirable clinical outcome for each couple. The weight of utility can be easily modified by IVF professionals at each calculation by keeping into consideration the negative effects related to multiple pregnancies especially in consideration of the woman's physical condition (Fig. 3) . We made it depend on her body build, but additional factors could be also included, as the model is extremely flexible.
The benefit of a model that can support the decision at the time of transfer would be especially evident in case of having several embryos in culture. The scheme proposed here was based on three embryos that by law could be left in culture, and this notably decreased the number of observations and the possibility of selection. However, the BN model can be straightforwardly expanded to manage a larger number of embryos; in this case, the calculation of the expected utilities could be of even greater advantage in supporting decisions by offering wide ranges of possible combinations per each cycle. This would be especially important in those situations where the maternal receptivity and the morphological quality of the embryos suggest the transfer of more than one embryo. It is actually clear that the policy of single-embryo transfer is not the best option for all cases, and having an objective support at this stage would be of clear benefit (McLernon et al., 2010; Jonsdottir et al., 2011) .
Should specific morphological and developmental details coming from morphokinetic studies be confirmed to be crucial for implantation (Wong et al., 2010; Meseguer et al., 2011) , the corresponding features could be included to make the predictor even stronger.
As a further result, the BN model was able to identify cycles having an extremely low chance of implantation (Table II) . This opens up to a series of considerations regarding the rationale of cancelling transfers with a very negative prognosis, avoiding, for the patient, the stress of a hopeless transfer with a minimal loss of pregnancies. Although this may be an acceptable approach from a statistical point of view that actually permits verification of the fitness of the utility model, from an ethical perspective it poses great difficulties especially related to the fact that embryos have already been generated.
In conclusion, the present study showed that all the prerequisites are given to construct a model aimed at supporting decisions and making predictions that are specific for every single case. The derived figures are clinically reasonable and have the advantage of being reproducible and objective, as confirmed by several measurements like AUC and the calibration probabilities. The preliminary data derived from its prospective application at the time of transfer (39 cycles so far) confirm its clinical validity resulting in 12 clinical pregnancies (31% clinical pregnancy rate): all singletons (in two cases three embryos were transferred) and one twin (two embryos were transferred). Moreover, the model is flexible enough to make predictions on the chances of pregnancy even before the couple starts a treatment cycle resulting in great acceptance from couples, although the prediction is more robust when the information on embryo quality is added (Smeenk et al., 2000) . It is clear that some utility profiles can vary depending on each center's policy and experience, and they can be quickly changed by the IVF professionals to personalize the model represented in Fig. 3 . In this way, it is possible to calculate for each couple the expected utility regarding which embryo and how many embryos to transfer for the most desired clinical outcome.
